Most long-term memories are formed as a consequence of multiple experiences. The temporal spacing of these experiences is of considerable importance: experiences distributed over time (spaced training) are more easily encoded and remembered than either closely spaced experiences, or a single prolonged experience (massed training). In this article, we first review findings from studies in animal model systems that examine the cellular and molecular properties of the neurons and circuits in the brain that underlie training pattern sensitivity during long-term memory (LTM) formation. We next focus on recent findings which have begun to elucidate the mechanisms that support inter-trial interactions during the induction of LTM. Finally, we consider the implications of these findings for developing therapeutic strategies to address questions of direct clinical relevance.
Introduction
All animals must use their experience to create a statistical model of their world. This model is driven by both pattern and predictability. The regularity (or pattern) of an experience is predictive of the likelihood of an encounter with the same or related experiences in the future, and therefore facilitates the acquisition and maintenance of adaptive behavior. The maintenance of such a predictive model depends on the formation of long-term memory (LTM). Yet not all repeated experiences are retained in LTM. The timing of experiences is critical. In psychological terms, the benefit to LTM induction of temporally distributed experiences (trials), compared to more closely spaced trials, is often termed the spacing effect and can be traced to the earliest formal studies of human learning and memory by Hermann Ebbinghaus (1885/1913). Since these seminal observations more than a century ago, it has become increasingly evident that the spacing effect is a ubiquitous phenomenon that governs LTM formation in a wide range of species and across a wide variety of tasks. Yet even after decades of study, we still understand relatively little about the properties of neural circuits in the brain that determine the benefit of spaced training. In this review we will briefly discuss major findings that elucidate some of the cellular and molecular mechanisms that can, at least in principle, contribute to the spacing effect. We will then focus on recent studies that provide novel and fundamental insights into how effective spacing intervals are determined and may benefit LTM formation. Finally, we conclude with a discussion of the implications of experimental studies for the development of effective learning strategies in humans, as well as the potential for these studies to inform questions of direct clinical relevance.
General principles of the spacing effect
The benefit of spaced training to LTM formation is widely observed in both vertebrate and invertebrate model systems, and provides striking parallels to the general principles observed in humans. The spacing effect in LTM is observed across a variety of tasks, including spatial reference memory (Bolding & Rudy, 2006) , working memory (Klapdor & Van Der Staay, 1998), appetitive associative conditioning (Colomb, Kaiser, Chabaud, & Preat, 2009) , aversive associative conditioning (Amano & Maruyama, 2011; Williams, Frame, & LoLordo, 1991; Yin et al., 1994) and both sensitization and habituation (Carew, Pinsker, & Kandel, 1972; Pinsker, Carew, Hening, & Kandel, 1973; Sutton, Ide, Masters, & Carew, 2002) . Effective training intervals appear to be task specific and are controlled by a number of factors, including the retention interval examined (e.g., Beck, Schroeder, & Davis, 2000; Gerber, Wustenberg, Schutz, & Menzel, 1998) and the relationship between trial duration and trial spacing (Gibbon, Baldock, Locurto, Gold, & Terrace, 1977) . Finally, although a sufficient spacing of training trials is necessary to benefit LTM induction (with effective training intervals ranging from minutes to days; see Parsons & Davis, 2012) , trials can of course also be spaced too far apart to support LTM acquisition (Bolding & Rudy, 2006; Gibbon et al., 1977; Parsons & Davis, 2012; Philips, Tzvetkova, & Carew, 2007) . Thus, the benefit of spaced training is non-monotonic, in agreement with
